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Abstract: Materials processing, and thin-film deposition in
particular, is decisive in the implementation of functional
materials in industry and real-world applications. Vapor
processing of materials plays a central role in manufactur-
ing, especially in electronics. Metal–organic frameworks
(MOFs) are a class of nanoporous crystalline materials on
the brink of breakthrough in many application areas.
Vapor deposition of MOF thin films will facilitate their im-
plementation in micro- and nanofabrication research and
industries. In addition, vapor–solid modification can be
used for postsynthetic tailoring of MOF properties. In this
context, we review the recent progress in vapor process-
ing of MOFs, summarize the underpinning chemistry and
principles, and highlight promising directions for future
research.
Introduction
Metal–organic frameworks (MOFs) are a widely researched
class of nanoporous crystalline materials consisting of metal
nodes connected by multitopic organic linker molecules. The
key properties of these materials are linked to a unique combi-
nation of long-range order, highly tunable organic–inorganic
structural units, and intrinsic nanoporosity (typical pore size
<2 nm). Record-high internal surface areas and unparalleled
versatility in pore geometry, composition, and chemistry have
therefore been accomplished in MOFs.[1] The variety of host–
guest interactions in MOF cavities has been widely examined
for applications in catalysis and molecular separation, storage,
and release.[2] For many of these applications, MOFs can be
synthesized as bulk powders and subsequently shaped if
needed, for example, as pellets or extrudates. In contrast, ap-
plications in other areas are enabled only by depositing MOFs
as (patterned) thin films. Examples of these rapidly emerging
fields include energy harvesting, (opto)electronic and electro-
mechanical sensing, low-k dielectrics, non-linear optics, and
proton and ion conductivity. The potential of MOFs in these
applications has recently been comprehensively reviewed by
Stavila et al.[3] The majority of these thin-film applications will
be in mass-produced devices, which will depend on low-cost,
scalable, and reliable MOF-processing methods compatible
with industrial micro- and nanofabrication standards. In this
broad context, thin-film deposition and patterning for many
types of MOFs has been extensively investigated in the last
decade.[4, 5] Most research attention has unsurprisingly been tar-
geted at adapting efficient procedures for MOF powder syn-
thesis, namely by combining metal sources and linkers in solu-
tion, to arrive at a range of chemical solution deposition (CSD)
methods for MOF thin films. Similarly, post-synthetic modifica-
tion to fine-tune MOFs to specific applications and to investi-
gate structure–property relationships has mostly relied on so-
lution-based chemistry.[6, 7]
Nevertheless, vapor deposition and vapor–solid modification
play a central, and in many cases favored, role in industrial
device fabrication. Due to the complex chemistry of MOF crys-
tallization, many hurdles can at first sight be identified for the
development of vapor deposition methods for these materials.
Nevertheless, we recently reported the first effective vapor
deposition method for porous MOF thin films.[8] This method is
based on the vapor–solid reaction of a vaporized linker with
a sacrificial metal oxide thin film. Here, we review the underly-
ing principles and recent developments in literature that are
relevant to vapor processing of MOFs. This concept paper is
not intended as a comprehensive review, but rather as a tutori-
al for those familiar with MOFs and new to vapor processing
or vice versa.
Downsides of Chemical Solution Deposition
CSD of MOF films typically involves reacting a metal salt and
a linker in a polar organic solvent, often under solvothermal
conditions. Many variations have been reported in terms of re-
action sequence, substrate pre-treatment, precursor chemistry,
and deposition conditions.[4] CSD generally offers the advant-
age of being simple and effective, low capital costs for lab-
scale implementation, compatibility with established wet
chemical practices, and high chemical flexibility.
Inherent downsides to CSD processing are nevertheless ap-
parent, particularly in the context of industrial thin-film fabrica-
tion. In contrast to vapor-based methods, solvent processing
can involve problematic surface-tension-related phenomena
(incomplete wetting, formation of menisci, etc.) and unwanted
substrate swelling or even dissolution. Moreover, unlike in the
wet chemical labs in which MOFs have their origins, handling
of solutions is often more troublesome than vapors and gases
in large-scale nanofabrication (e.g. , cleanrooms). The con-
densed state directly results in larger waste volumes and relat-
ed processing costs. In comparison, dilute vapor or gas precur-
sor streams are typically neutralized at the reactor exhaust by
scrubbing or burning. The metal salts typically used in CSD
(e.g. , nitrates and chlorides) can also be problematic because
of contamination and corrosion in the deposition chamber and
on the substrate (e.g. , preformed circuitry). Homogeneous nu-
cleation of MOFs in solution during CSD can furthermore lead
to particle contamination.
In general, the use of solvents is considered costly (especial-
ly when high-purity is required), hazardous, and non-sustaina-
ble. Moreover, even minute solvent traces that remain after
use can give rise to reliability, biocompatibility, or regulatory
issues. For example, the EU’s REACH regulations place a signifi-
cant economic burden on the industrial use of dipolar aprotic
solvents (through strictly regulated safety measures, waste
handling, quality control, etc.).[9] A particularly relevant exam-
ple in the context of MOF synthesis is the toxic solvent dime-
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thylformamide (DMF). Restricted use or complete substitution
of DMF is encouraged by the REACH regulations. The green
fabrication target in the environment, safety, and health (ESH)
program of the International Technology Roadmap for Semi-
conductors further highlights the undesired use of hazardous
solvents in the global nanofabrication industry.[10] Interestingly,
avoiding the costs associated with solvent use has also been
identified as a major challenge in the industrial scale-up of
MOF powders.[11, 12]
Solvent-Free Crystallization Chemistry
Crystallization of MOFs during solvothermal processing relies
on self-assembly, directed by coordination chemistry. Mobility
of the building units, critical for crystallization by self-assembly,
is ensured by the dissolved state of the precursors. Solvents
and additives often fulfil other important roles; for example,
providing stabilization of the cavities during crystallization or
shifting chemical equilibria.[13,14] When taking into account the
central role of the solvent in traditional MOF crystallization, it
is easy to understand that vapor deposition methods first ap-
peared rather unfeasible.
However, in recent years, it was shown that many highly
porous and stable MOFs can be readily synthesized using pro-
cedures that merely require traces of solvents and additives, or
even none at all. A selection of relatively easy-to-prepare
MOFs, including ZIF-8, UiO-66, and HKUST-1, has become the
focus of attention of such studies. In the next paragraphs we
will discuss reported examples of so-called solvent-free crystal-
lization of MOFs. Many of these solvent-free procedures sup-
port the feasibility of vapor deposition. The term “solvent-free”
in this context is used to stress that the reactants are not sol-
utes dissolved in a liquid solvent. In other words, the reactants
are not minority components in a majority liquid phase. In sol-
vent-free synthesis of MOFs, two regimes can be distinguished:
1) “dry synthesis”, when no additional fluids (liquid or vapor
state) are added at all, and 2) “fluid-assisted synthesis”, when
minor quantities of fluid molecules are added, often in stoi-
chiometric amounts.
Dry synthesis
An important development in solvent-free processing of MOFs
is mechanochemical synthesis, whereby a dry mixture of metal
precursor and linker powders is milled to induce reaction.[15]
This method, pioneered by Pichon et al. in 2006,[16] demon-
strated that in many cases there is no need for a solvent phase
to achieve MOF crystallization. During the reaction, the counter
anions of the metal precursor are protonated, essentially in an
acid–base neutralization reaction in which the protonated
linker acts as an acid. Importantly, the resulting small-molecule
neutralization products are typically in a fluid state under the
reaction conditions (Scheme 1). Examples include stoichiomet-
ric formation of water from the reaction of metal oxide precur-
sors or acetic acid with metal acetate precursors.[15] It has been
hypothesized that these neutralization products enhance the
short-range mobility of the precursors in the solid mixture
during crystallization.
Mechanical agitation is not always necessary in this ap-
proach, as demonstrated by crystallization of dry precursor
mixtures of metal oxides or hydroxides and azole-based linkers
induced solely by thermal treatment.[17] Precursor mobility is in
this case promoted by the fluid medium through melting,
evaporation, or sublimation of the linker. Stoichiometric forma-
tion of fluid molecules by protonation of metal precursor
counter anions likely plays an important role as well.
Fluid-assisted synthesis
Conditions for the crystallization of targeted MOFs cannot
always be met in a mixture consisting solely of a metal precur-
sor and linker. It has been shown by Frisˇcˇic´ and F#bi#n that in
such cases the addition of stoichiometric amounts of fluid mol-
ecules (i.e. , solvents) can be used to judiciously steer towards
fruitful crystallization.[18] In mechanochemical synthesis, this
concept is known as liquid-assisted grinding (LAG).[19] The
liquid is in this case considered a catalytic species more than
a solvent as even addition of trace amounts to the solid mix-
ture can be effective. An empirical boundary of approximately
1–2 mL of fluid molecules per mg of solid reactants separates
the LAG regime, in which no preferential solubility effects are
observed, from slurrying, in which the fluid medium starts be-
having as a solvent.[19,20] Alternatively, a fluid medium can be
supplied as a vapor instead of as a liquid during thermal treat-
ment. The mobility-enhancing role during crystallization is in
that case similar to that of the stoichiometric liquid in LAG, as
the vapor will adsorb on the dry precursor mixture. This vapor-
processing approach for the synthesis of MOF powders has re-
Scheme 1. Solvent-free synthesis of MOFs for the case of a single metal
cation inorganic node (M) and conjugate base organic linker (L), for exam-
ple, Zn2+ and 2-methylimidazolate for formation of ZIF-8. Self-assembly of
the building blocks during crystallization requires some degree of mobility
of the neutralized M-L building blocks, which is provided by the protonated
counter anion (e.g. acetic acid or water). Organic linker mobility can also by
enhanced by thermal treatment (T) or by adding stoichiometric amounts of
fluid molecules (fluid-assisted synthesis, FA).
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cently been demonstrated for a wide-range of precursor and
vapor combinations under a variety of names, including miner-
al neogenesis,[21] steam-assisted conversion,[22] vapor-assisted
aging,[23] and accelerated aging.[24,25]
Steps Forward in Vapor Deposition
In general, each vapor deposition process consists of the three
steps shown in Scheme 2: 1) precursor vaporization, 2) precur-
sor transport through the gas phase and 3) deposition of the
intended solid on the substrate. While numerous variations on
this scheme exist, processes are typically categorized in two
broad classes: physical vapor deposition (PVD) and chemical
vapor deposition (CVD).
PVD by definition is a purely physical process for which the
precursor is identical to the material deposited. This material is
evaporated in vacuum conditions and deposited on the sub-
strate without a chemical reaction taking place. PVD is a little
explored area for MOFs due to the low vapor pressure associ-
ated with their intrinsic ionic state and thermal decomposition
at temperatures above 300–500 8C. Nevertheless, it is impor-
tant to note that PVD of a non-porous Eu–imidazolate frame-
work by short-pulse laser ablation was recently reported by
Meller-Buschbaum and co-workers.[26] The same group also re-
ported gas-phase transport and deposition of in situ generated
crystalline alkaline and rare earth metal imidazolates under
thermal vacuum conditions (215 8C and 0.1 Pa).[27] These re-
ports are demonstrations of gas-phase transport of hybrid
framework compounds and, although the deposited materials
are not intrinsically nanoporous, come closest to PVD of MOFs.
In contrast to PVD, CVD includes all vapor deposition pro-
cesses that involve rearrangements of chemical bonds. In
other words, materials are deposited by chemical reaction of
precursors with the substrate, with the growing film and/or
with each other. CVD offers the advantage that the vapor pres-
sure of the precursors is not directly coupled to the properties
of the deposited material. For instance, for moderate tempera-
ture deposition of metal oxides, relatively volatile organometal-
lic compounds are preferably used as precursors instead of
metal salts. Atomic layer deposition (ALD) and molecular layer
deposition (MLD) are CVD sequences that consist of alternating
self-limiting surface reactions of two highly reactive precursors
(e.g. , organometallic compounds and water). This technique
allows extremely conformal deposition of thin films with unsur-
passed thickness control, down to single monolayers.[28]
Different routes have been explored leading up to vapor
deposition of crystalline MOFs with intrinsic nanoporosity.
These approaches can be categorized by the methods used for
deposition of the inorganic and organic units and by the sub-
sequent crystallization procedure. Vapor deposition (both PVD
and CVD) of a sacrificial metal oxide film has been combined
with a subsequent oxide-to-MOF conversion step using 1) a
linker solution, 2) a melted linker phase or 3) a vaporized linker
phase. MLD of MOFs has been attempted by an alternated re-
action of vaporized organometallic precursors and vaporized
linkers, either resulting in 4) direct crystallization, or requiring
5) post-deposition solvothermal treatment. These five methods
will be discussed in more detail in the following sections.
Metal oxide deposition and solvothermal crystallization
A number of trend-setting works have established that metal
oxide films and even three-dimensional metal oxide meso-
structures can be utilized as sacrificial metal precursors during
solvothermal MOF synthesis, while simultaneously directing
the spatial organization of the resulting MOFs.[29–33] This ap-
proach makes a two-step MOF deposition scheme available in
which the metal is first supplied from the vapor phase using
an established metal oxide deposition step and subsequently
solvothermally reacted with the linker to deposit a MOF film.
This concept was realized by Khaletskaya et al. for nanoscopic
zinc oxide films deposited by ALD and by PVD (Figure 1).[34]
The zinc oxide films were partially transformed to ZIF-8 by
a solvothermal reaction with a solution of the 2-methylimida-
zole linker in methanol at 80 8C. The resulting sub-150 nm ZIF-
8 zinc oxide composite films are among the thinnest ZIF-8
films reported to date deposited by a single solvothermal
growth step. Zhao et al. demonstrated the transformation of
ALD aluminum oxide films by solvothermal reaction in a solu-
tion of a tetratopic porphyrin-based linker in DMF/water at
140 8C.[35] The 0.1–3 nm aluminum oxide films were completely
transformed to 10–50 nm oriented MOF films, as indicated by
Scheme 2. Overview of general strategies for MOF vapor deposition.
Figure 1. Metal oxide deposition and solvothermal reaction. a) Process flow.
b) SEM top view of ZIF-8 film. c) TEM cross section of ZIF-8 film on residual
zinc oxide film. (b and c adapted from reference [34] .)
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X-ray diffraction and electron microscopy. These methods cir-
cumvent usage of metal salt and associated issues such as cor-
rosion and contamination. Nevertheless, the neutralization re-
action and crystallization step are still performed under solvo-
thermal conditions, which can be problematic for industrial
compatibility, particularly in terms of safety, processability, and
scalability. Moreover, ion mobility in the solvent is high and
dissolution of the sacrificial metal oxide film is therefore in
direct competition with incorporation of ions into the growing
MOF film. For this reason stoichiometric conversion of sacrifi-
cial precursors into uniform MOF films could be problematic
using these methods.
Recent work by Lemaire et al. explored the solvothermal
growth of [Cu3(1,3,5-benzenetricarboxylate)2] , HKUST-1, at
120 8C on ALD aluminum oxide, zinc oxide, and titanium oxide
using synthesis solutions containing both copper salts and the
linker in ethanol/water.[36] It was shown that nucleation was ac-
celerated by the formation of zinc–copper hydroxy double
salts on the ALD zinc oxide substrate, in contrast to the other
layers. This study underlines the importance of the metal oxide
substrate surface chemistry during MOF deposition, in addition
to serving as a potential metal source, and signifies the poten-
tial role of ALD as a tool to study these influences.
Metal oxide deposition and solvent-free crystallization
In a special case of the previous methods, the linker in the
melted state can serve as its own solvent. In this approach, the
solvothermal treatment is replaced by a solvent-free thermo-
chemical reaction that is possible only if the linker can be
melted without significant decomposition and the melt uni-
formly wets the substrate. This method has currently only
been successfully demonstrated for the transformation of zinc
oxide to ZIF-8.[37] The melted 2-methylimidazole linker was con-
tacted with a PVD zinc oxide film to induce a solvent-free reac-
tion to the MOF (Figure 2). Unfortunately, most MOF linkers de-
compose before melting and are therefore not suitable for this
approach. Moreover, processing an organic melt can be rather
troublesome, although it can be avoided through casting the
linker from solution followed by drying and solvent-free ther-
mochemical reaction.[38] Nevertheless, the proof-of-concept
case of ZIF-8 showed that highly crystalline films can be ob-
tained in solvent-free conditions. Moreover, sharp motif repli-
cation of patterned oxide films indicates the low mobility of
zinc ions during solvent-free crystallization, in contrast to sol-
vothermal oxide-to-MOF conversion in which care has to be
taken not to lose metal ions to solution.
Metal oxide deposition and vapor–solid crystallization
Building on the previous methods and dry synthesis protocols
described for MOF powders, the MOF-CVD method is based on
vapor–solid reaction of a vaporized linker and a metal oxide
film (Figure 3).[8] Vaporization, in contrast to melting, can be
achieved without decomposition for many MOF linkers by
heating under inert gas flow or vacuum conditions, including
those based on multitopic aromatic carboxylic acid com-
pounds.[39] Moreover, as metal oxides are non-volatile in typical
MOF crystallization conditions (<250 8C), immobilization on
the substrate is guaranteed and enables confined uniform
transformation of very thin metal oxide precursor films. Com-
plete conversion of sub-10 nm ALD zinc oxide films into uni-
form ZIF-8 films has shown that the thickness control of the
metal oxide ALD procedure can be extended to MOF-CVD
films. Likewise, the high conformity of ALD metal oxide coat-
ings enabled equally conformal ZIF-8 coatings on challenging
high-aspect ratio substrates.
Water formed in situ plays a major role as a mobility-enhanc-
ing fluid in the vapor–solid transformation of zinc oxide to ZIF-
8. Real-time XRD monitoring showed a decreased crystalliza-
tion rate when water was extracted from the reaction environ-
ment and an increased rate when additional water vapor was
introduced. In depth investigation of the influence of different
mobility-enhancing fluids, formed in situ or added as vapors,
Figure 2. Metal oxide deposition and solvent-free melt reaction. a) Process
flow. b) SEM top view of ZIF-8 film. c) SEM top view of replicated hexagonal
pattern, the dotted line highlights the sharp replication of the edges. (b and
c adapted from reference [37] ; CopyrightT Royal Society of Chemistry.)
Figure 3. Metal oxide deposition and vapor–solid reaction or MOF-CVD.
a) Process flow. b) SEM top view of ZIF-8 film. c) HAADF-TEM cross section
of ZIF-8 film showing complete conversion of zinc oxide down to the sub-
strate. (b and c adapted from reference [8] ; CopyrightT Nature Publishing
Group.)
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will therefore be essential to generalize the MOF-CVD method
beyond ZIF-8. Initial results for different MOF chemistries indi-
cate the more general applicability of the MOF-CVD method.
In analogy to LAG in mechanochemical MOF synthesis, vapor-
assisted MOF-CVD can possibly be applied for MOFs for which
crystallization does not occur through simple neutralization re-
action of the linker and metal oxide.
Layer-by-layer vapor deposition or MLD
Further fine-tuning of the MOF-CVD process might permit
direct layer-by-layer (LBL) vapor deposition or MLD of MOFs,
without deposition of a sacrificial intermediate. A MLD se-
quence consists of alternating monolayer deposition of multi-
topic organic linkers and inorganic nodes. This deposition
method for hybrid organic–inorganic films has recently attract-
ed increasing research attention,[40] but has not yet been estab-
lished for crystalline and intrinsically nanoporous MOFs. MLD
of MOFs (Scheme 3), if developed, would be the vapor–solid
equivalent of the LBL CSD method based on liquid phase epi-
taxy (LPE) developed by Wçll and co-workers.[41] In analogy
with the LPE approach, MOF-MLD would be highly interesting
as it would permit direct control over film thickness, crystallo-
graphic orientation, and enable variation of the composition in
different strata.[28]
A possible MLD deposition sequence based on MOF-CVD
would consist of alternated deposition of metal oxide mono-
layers and reaction with the vaporized linker. Another route
could be the design of precursors that lead to in situ formation
of fluids suitable to assist MOF crystallization. Such approaches
might help overcome the non-crystallinity or non-porosity
problems encountered in two previous attempts at MLD of
MOFs that focused on the direct reaction of organometallic
precursors and MOF linkers.
The first attempt at MOF-MLD was reported in 2013 by
Salmi et al.[42] Hybrid organic–inorganic films were deposited
by an MLD approach (250 8C and 0.7 kPa) using zinc acetate
and 1,4-benzenedicarboxylic acid (H2BDC) precursors. The as-
deposited films were amorphous and non-porous, but could
be crystallized by subsequent exposure to humid air and sol-
vothermal treatment in DMF. After this treatment, the MOF-5
topology was identified by XRD and the presence of accessible
microporosity was indicated through ellipsometry, by changes
in refractive index upon isopropanol adsorption. Unfortunately,
film continuity was lost during solvothermal crystallization as
a result of dissolution and ripening issues due to the high mo-
bility of the intermediates in the solvent. This study neverthe-
less shows that posttreatment crystallization of amorphous
films can be used as a strategy for MOF vapor deposition.
In a recent study, copper 2,2,6,6-tetramethyl-3,5-heptanedio-
nate and H2BDC were used as precursors for MLD of a Cu(BDC)
phase consisting of stacked two-dimensional sheets.[43] A
narrow deposition window (180–190 8C and 0.2 kPa) was found
wherein crystalline films could be obtained. This study shows
that direct crystallization of hybrid frameworks can occur
under vacuum deposition conditions. It can be hypothesized
that the protonated b-diketone ligand of the copper precursor
played a mobility-enhancing role during crystallization. The
question remains if this approach in the future can be extend-
ed to equivalent three-dimensionally extended and porous
MOFs.
Vapor–solid postsynthetic modification
Vapor–solid reactions offer unique possibilities for solvent-free
postsynthetic modification of the organic and inorganic com-
position, functionality, and porous structure of MOFs. Subtrac-
tive modification, or removal of structural elements, is distin-
guished from additive modification, whereby units are added
to the material. Examples of subtractive modification method
are framework pyrolysis for fabrication of metal-doped nano-
porous carbon,[44] or light-induced cleavage of photoreactive
moieties.[45] Our discussion will mainly focus on additive modi-
fication, as vapor deposition holds more promise for this ap-
proach. Additive framework modification can be achieved by
reaction with guests on the condition that these molecules fit
and can move freely throughout the cavities in the framework.
This method enables an additional degree of flexibility for
structural and compositional tuning of MOFs. In contrast to
liquid-phase reactions, modification of MOFs using vaporized
precursors is currently still an underexplored area. Thermal and
plasma reactions are distinguished in our discussion of these
methods.
Vapor–solid modification by thermal reaction
Early work by Fischer and co-workers demonstrated loading of
MOF-5 crystals with Pd, Cu, and Au nanoparticles by metal–or-
ganic CVD (MOCVD).[46] In this approach, organometallic pre-
cursors were first adsorbed in the MOF pores under vacuum
conditions (70 8C and 1 Pa) and subsequently reduced by reac-
tion with hydrogen gas. The catalytic performance of the re-
sulting composite crystals confirmed the effective stabilization
of the nanoparticles by the framework. In a later study, it was
shown that adsorption of the precursors was highly size selec-
tive and governed by weak and reversible van der Waals forces
with the MOF pore walls.[47] The method was subsequently ex-
tended to introduction of confined zinc oxide nanoparticles in
ZIF-8 using diethylzinc combined with oxidative annealing.[48]
These studies show that MOFs can be used as porous matrices
for MOCVD of confined metal (oxide) nanoparticles. Important
in the context of vapor processing is that these studies have
Scheme 3. Alternated deposition of the inorganic node and organic linker in
a hypothetical MOF-MLD sequence. This method would be the vapor–solid
equivalent of LBL CSD.
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demonstrated that mere adsorption of organometallic precur-
sors in inert conditions is fully reversible for MOFs that do not
contain reactive groups.
In a follow-up study, irreversible grafting of 1,1’-ferrocene-
diyldimethylsilane (100 8C and 0.1 Pa) on the hydroxy groups
of Al(OH)(BDC), MIL-53, was showcased by the same group
(Figure 4a).[49] This modification effectively provided ferroceni-
um redox activity to the framework. Elemental analysis showed
that only one in every four hydroxy groups reacted; this is
likely since grafted ferrocene units block further access of pre-
cursors to non-reacted sites. Hupp and co-workers in contrast
designed a strategy for complete selective metalation of MOFs
(Figure 4b).[50] For this study, a mesoporous zirconium carbox-
ylate framework, NU-1000, consisting of Zr6 node and a tetra-
topic pyrene-based linker was exposed to small organometallic
precursors. Diethylzinc and trimethylaluminum precursors were
reacted with hydroxyls on the Zr6 node of NU-1000 by relative-
ly short pulse exposure (1–120 s) in a vacuum ALD reactor.
Capping of the hydroxyls with Lewis acidic Zn and Al sites was
subsequently evidenced by catalytic experiments and by spec-
troscopic methods. Saturating reaction of the trivalent metal
precursors trimethylaluminium and trimethylindium at eight
precisely localized positions on the Zr6 node was confirmed by
X-ray pair distribution function analysis in a later study.[51] An
equivalent ALD procedure by means of exposure to bis(N,N’-
diisopropylacetamidinato)cobalt as a metal precursor followed
by reaction with H2S as a sulfurizing agent was recently used
to demonstrate the deposition of catalytically active cobalt sul-
fide clusters in the same material.[52]
Other instances of additive vapor–solid reactions for organic
modification have been covered as part of an extensive review
on postsynthetic modification of MOFs.[6] Rare examples in-
clude the condensation of acetic acid and a pendant amino
group of the framework linker or Lewis adduct formation of
pyridine and an uncoordinated metal site of the inorganic
node. Nevertheless, a very broad range of solvent-free reac-
tions exist and can possibly be extended to MOFs if a need de-
velops in the future.[53]
Vapor–solid modification by plasma reaction
Of particular interest in the context of vapor processing is the
work of Peterson and co-workers on plasma-enhanced CVD
(PECVD) of perfluoroalkanes in MOFs. In a first study, powdered
HKUST-1 was PECVD treated with perfluorohexane (PFH; 5 min,
60 W and 30 Pa).[55] The resulting crystals displayed improved
stability towards humidity, while maintaining accessible porosi-
ty. This stabilization was linked to strong adsorption of PFH
and the reaction of CF3 radical species in the cavities that pre-
vented the formation of destructive water clusters. In a second
study, the highly stable zirconium BDC framework UiO-66 was
used to rationalize the influence of plasma power and expo-
sure time on the resulting material properties (5–60 min, 10–
75 W and 30 Pa).[54] Next to the expected hydrophobization of
the material, the progressive development of mesopores in
the framework was observed (Figure 5). The subtractive forma-
tion of mesopores by plasma etching was accompanied by the
formation of well-dispersed Zr-F species throughout the frame-
work, indicating that this method can potentially be optimized
for selective additive modification of the framework.
Conclusion and Outlook
Almost two decades of research on the remarkable chemistry
and physics of MOFs has mostly focused on traditional solution
processing. Today, many interesting possible applications have
been identified for this ever-expanding class of materials.
Vapor processing of MOFs is still in its infancy, but shows po-
tential to develop into a valuable alternative fabrication route
for future implementation of MOFs in integrated devices.
When assessing the recent progresses in dry crystallization and
vapor deposition of MOFs, the important role of mobility-en-
hancing fluids during crystallization is evident. Interestingly, an
equivalent role of such species has been identified in solvent-
free synthesis of microporous zeolites.[56]
MOF-CVD is a disruptive new direction for the research on
transformation of vapor deposited metal oxides to MOFs, as it
Figure 4. Postsynthetic vapor–solid silane grafting or metalation of MOFs.
a) Silane grafting of MIL-53 by 1,1’-ferrocenediyldimethylsilane. b) Metalation
of NU-1000 hydroxy groups by trimethylaluminum (reproduced from refer-
ences [49, 50]; CopyrightT American Chemical Society).
Figure 5. PECVD in UiO-66. a) Single droplet of water on UiO-66 pellet
before (left) and after (rights) PECVD treatment. The treated material displays
a significantly higher contact angle. b) Development of mesopores in the
UiO-66 framework by plasma etching (reproduced from reference [54]).
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is the first MOF deposition procedure comprising only vapor
processing steps.[8] The related opportunities in terms of indus-
try compatibility, reproducibility, and scalability are significant
and numerous. Implementation of MOF deposition in fully au-
tomated vapor deposition instruments is for the first time
within reach and will facilitate thorough investigation and opti-
mization of the MOF-CVD deposition process. The degree of
control over deposition conditions and reproducibility that can
be achieved using such equipment could take the field of MOF
thin film deposition to a next level. For example, state-of-the-
art instruments allow millisecond resolution control over pre-
cursor dosing, accurate pressure control, and in situ process
monitoring by methods such as quartz crystal microbalance
measurements, mass spectrometry and ellipsometry.
Opportunities for vapor deposition not only lie in those ap-
plications in which MOF implementation is hampered by the
downsides of CSD. Research on vapor deposition of MOFs will
also generate entirely new strategies to precisely control film
properties and to improve overall film quality. Vapor–solid crys-
tallization of MOF films is likely to be more non-equilibrium (or
kinetic) in nature than crystallization in solution, because of
the lower precursor mobility. Therefore, methods such as MOF-
CVD could permit new opportunities for tuning the film micro-
structure, chemical composition (e.g. , doping) and optical or
electrical properties.[57] For example, film roughness has for
years been a problematic property in many types of MOF CSD,
mostly related to non-uniform nucleation followed by domi-
nant growth along specific crystal faces (Volmer–Weber
growth mode).[58] By tuning the vapor deposition conditions to
control mesoscopic precursor mobility, uniform nucleation and
growth along a selected crystal plane perpendicular to the
substrate (Stranski–Krastanov or van der Merwe growth
modes),[57] improved film roughness can potentially be ach-
ieved. Another example is the dependence of MOF nucleation
and crystallographic orientation on the substrate surface
chemistry, which is pronounced for CSD but might be much
less so for vapor deposition methods using highly reactive pre-
cursors.
More than a decade of research on CSD of MOF films provid-
ed these methods with a sizeable head start relative to vapor
deposition. However, both can develop into fully complemen-
tary technologies, each covering specific application fields for
MOF thin films. To get to this point, MOF vapor deposition re-
search should focus on optimization of film quality parameters
such as:
* Long-range order or crystallinity
* Intrinsic nanoporosity
* Film thickness and grain boundary control
* Surface roughness
* Scalability and large-area uniformity
In particular, properties such as crystallinity and nanoporosi-
ty should not be overlooked, as these differentiate MOFs from
other materials and make them interesting for many applica-
tions.
Although still in its infancy, examples of vapor–solid modifi-
cation of MOFs clearly demonstrate the potential of these
routes. Research on vapor deposition and vapor–solid modifi-
cation are inherently interconnected and will develop in paral-
lel, relying on similar chemical routes and instrumentation. For
instance, vapor–solid modification processes to fine-tune
framework reactivity and make a previously deposited material
susceptible for the next growth cycle can be of vital impor-
tance in MOF vapor deposition.
To summarize, we foresee a bright future for MOF vapor-
processing methods. Recent progress on solvent-free crystalli-
zation and vapor deposition of these nanoporous crystalline
materials may act as a catalyst for the development of a com-
plete toolbox of vapor processing techniques. It will be fasci-
nating to witness over the next years if further developments
will facilitate leveraging MOFs in new research applications or
even bring integration in commercial devices closer.
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